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We developed a new gamma camera speciﬁcally for plant nutritional research and successfully per-
formed live imaging of the uptake and partitioning of 137Cs in intact plants. The gamma camera was
specially designed for high-energy gamma photons from 137Cs (662 keV). To obtain reliable images, a
pinhole collimator made of tungsten heavy alloy was used to reduce penetration and scattering of
gamma photons. A single-crystal scintillator, Ce-doped Gd3Al2Ga3O12, with high sensitivity, no natural
radioactivity, and no hygroscopicity was used. The array block of the scintillator was coupled to a high-
quantum efﬁciency position sensitive photomultiplier tube to obtain accurate images. The completed
gamma camera had a sensitivity of 0.83 count s1 MBq1 for 137Cs with an energy window from 600 keV
to 730 keV, and a spatial resolution of 23.5 mm. We used this gamma camera to study soybean plants
that were hydroponically grown and fed with 2.0 MBq of 137Cs for 6 days to visualize and investigate the
transport dynamics in aerial plant parts. 137Cs gradually appeared in the shoot several hours after
feeding, and then accumulated preferentially and intensively in growing pods and seeds; very little
accumulation was observed in mature leaves. Our results also suggested that this gamma-camera
method may serve as a practical analyzing tool for breeding crops and improving cultivation tech-
niques resulting in low accumulation of radiocesium into the consumable parts of plants.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Vast agricultural and forest areas in Japan were contaminated
with radiocesium (134Cs and 137Cs) because of the accident in the
Tokyo Electric Power Company Fukushima Daiichi Nuclear Po-
wer Station after the earthquake and tsunami in March 2011
(Endo et al., 2012; Hirose, 2012; Yasunari et al., 2011). Many
agricultural studies, such as fertilizer management and plantaging system; PET, positron
aging system; Ce:GAGG, Ce-
mum.
: þ81 27 346 9560.
achi).
Ltd. This is an open access article ubreeding, have been undertaken for reducing radiocesium up-
take in crops or enhancing uptake and transportation via phy-
toremediation; these studies examine the control of radiocesium
dynamics in plant bodies from the viewpoint of plant
physiology.
Radiotracer imaging is one of the few methods that enable the
observation of the dynamics of substances in a living plant body,
like a video camera, without sampling or ﬁxation of plant tissue.
Previously, we established a radiotracer imaging method by using
the positron-emitting tracer imaging system (PETIS) and 107Cd
produced with a cyclotron to quantitatively assess the transport of
cadmium, a major soil pollutant found worldwide, in plants. We
successfully elucidated the dynamics of transport of cadmium in
rice (Fujimaki et al., 2010). Analysis of time-course imaging data of
107Cd in a high cadmium-accumulating rice cultivar revealed itsnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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also evaluated its cleanup ability in polluted ﬁelds (i.e., phytor-
emediation) (Ishikawa et al., 2011). This method has been also used
for the elucidation of inhibitory effects on root-to-shoot transport
of cadmium under external conditions, such as glutathione treat-
ment for oilseed rape (Nakamura et al., 2013) and absence of nu-
trients in the culture solution of a cadmium-hyperaccumulating
fern, Athyrium yokoscense (Yoshihara et al., 2013). Immediately after
the accident in Fukushima, we started a new project for radio-
cesium in order to develop a radiotracer imaging method that
would reveal the transport of radiocesium from the soil into plants.
We aimed to construct a technical platform for various studies
involving the analysis of radiocesium kinetics in plants and the
environment.
A number of studies have used various apparatuses for radio-
tracer imaging in plants, for example, PETIS, positron emission to-
mography (PET) (Kawachi et al., 2011; Jahnke et al., 2009), and real-
time radioisotope imaging system (RRIS) (Sugita et al., 2014). In
particular, positron imaging methods (e.g., PETIS and PET) have
been widely used in plant studies; however, neither 134Cs nor 137Cs
can be studied using these methods because they do not emit
positrons. To the best of our knowledge, RRIS is the only successful
method for live imaging of 137Cs uptake in intact plants, for
example, rice (Kobayashi, 2013) and Arabidopsis (Sugita et al., 2014).
However, complete contact of a thin plant to the scintillator plate of
RRIS is required because RRIS mainly detects b particles, which
easily wane; therefore, another method for live imaging without
contact by detection of highly penetrating gamma photons is also
required. After the Fukushima accident, imaging apparatuses for
monitoring the contaminated lands were developed using the
principles of the gamma camera, which is widely used in the
medical ﬁeld and some of which are already commercially available
(Hitachi Ltd., 2012; Toshiba Co., 2011). However, the main objective
of these cameras is to ﬁnd hotspots outdoors by displaying the
rough contrast of gamma photon incidences with small numbers of
pixels, and they are obviously unsuitable for our objective to
analyze radiocesium kinetics in plants with laboratory
experiments.
In this study, our ﬁrst goal was to develop a new gamma
camera specially designed for general plant experiments with
the 137Cs radiotracer. The second goal was set to visualize and
analyze 137Cs uptake and transport to the seeds in soybean,
contamination of which has become a major agricultural issue
(MAFF, 2014).Fig. 1. A schematic diagram of imaging of 137Cs dynamics in a plant body by using the g
collimator; (2) scintillator array; (3) position sensitive photomultiplier tube; and (4) heavy2. Materials and methods
2.1. Development of the gamma camera
2.1.1. General design
A schematic diagram of the gamma camera is shown in Fig. 1. In
principle, a gamma camera provides an image by passing gamma
photons through a shielding component called “collimator” with a
single or multiple narrow holes. This type of collimator is
commonly used in the medical ﬁeld, where parallel-hole collima-
tors are employed to image low-energy gamma photons from nu-
clides such as 99mTc (141 keV). However, for high-energy gamma
photons from 137Cs (662 keV), this collimator allows a considerable
increase in the penetration and scattering of incident gamma
photons. This incorrect collimation would blur the acquired image
to a great extent. To reduce the penetration and scattering of the
high-energy gamma photons, we designed a pinhole collimator
made using a dense and thick material. A smaller aperture for the
pinhole was required for higher resolution, which would result in a
reduced number of photons passing through the collimator.
Therefore, use of a highly sensitive detector unit was also crucial.
2.1.2. Pinhole collimator and camera head
A detector unit was encased in a 20 mm-thick tungsten heavy
alloy (18.2 g/cm3) container. In the front face of this camera head, a
pinhole collimator made of tungsten heavy alloy was attached.
Fig. 2 shows a schematic diagram of the collimator as a half-
transparent image. The acceptance angle of the pinhole (q) was
13, and the aperture diameter of the collimator (d) was 1.0 mm.
The weight of the camera head was 17 kg. It was installed on a
camera stand, which canmove in horizontal and vertical directions.
2.1.3. Detector unit
The detector unit consisted of a scintillator array, which con-
verts a gamma photon to light in each small section, and a position-
sensitive photomultiplier tube, which converts light to an electric
signal with the positional information.
Fig. 3 shows the scintillator array block. To realize a high
sensitivity for high-energy gamma photons, the detector unit
required a dense scintillator material with a high light yield: efﬁ-
ciency for converting incident energy of a gamma photon to light
output. We used a single-crystal scintillator of Ce-doped Gd3Al2-
Ga3O12 (Ce:GAGG: Furukawa Co., Ltd, Japan). Table 1 shows com-
parisons of performances of Ce:GAGG with those of other majoramma camera. Components of the detector unit of the gamma camera: (1) pinhole
alloy container.
Fig. 2. A schematic diagram of the pinhole collimator. The acceptance angle (q) of the
pinhole was 13 , and aperture diameter (d) of the collimator was 1.0 mm.
Table 1
Physical and scintillation properties of GAGG and other major scintillators.
Scintillator Ce:GAGG Ce: LSO BGO Tl:NaI
Density (g/cm3) 6.63 7.4 7.13 3.67
Light yield (photon/MeV) 60,000 26,000 8000 45,000
Decay time (ns) 88 40 300 230
Peak emission (nm) 520 420 480 415
Hygroscopicity No No No Yes
Natural radioactivity No Yes No No
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yield, no natural radioactivity, and no hygroscopicity, which is
desirable for plant experiments performed in warm and humid
conditions. The whole size of the scintillator array block was
41.8  41.8  10 mm, which was partitioned into a 44  44 matrix
with dimensions of 0.85  0.85  10 mm for each section.
The scintillator array block was coupled to a high-quantum ef-
ﬁciency position sensitive photomultiplier tube (HQE-PSPMT
H10966A-100: Hamamatsu Photonics K. K., Hamamatsu, Japan).
The HQE-PSPMT was reported to have a high performance in the
determination of the position and energy resolution of gamma
photon incidence (Kamada et al., 2012).
Fig. 4 shows a block diagram for the electronics circuit. The
signals from the HQE-PSPMT anodes were read by 64 coaxial ca-
bles and fed to gain control ampliﬁers that tuned the gain varia-
tions of the HQE-PSPM anodes. The outputs of gain controlFig. 3. Ce:GAGG 44  44 block made of 0.85  0.85 mm sections.ampliﬁers were fed to the weight summing ampliﬁers, whose
calculation was performed using operational ampliﬁers to produce
two weight-summed signals each for two opposite X directions
(Xþ and X) and Y directions (Yþ and Y). These four analog sig-
nals were digitized by 100 MHz free running AeD converters
before they were fed to the data acquisition system based on a
ﬁeld programmable gate array (FPGA). The AeD converters were
dual ten-bit monolithic sampling devices with on-chip track-and-
hold circuits. The positions were digitally calculated [Xþ/(Xþ þ X)
and Yþ/(Yþ þ Y)] using the Anger principle (Peterson and
Furenlid, 2011), and energy in the FPGA was accumulated in the
memory and transferred to a personal computer (PC). Position
boundaries for each GAGG pixel for the two-dimensional position
distribution of the GAGG block were set. Finally, an image of the
radiotracer distribution was constructed. The data acquisition
system resembles the previously reported PET imaging system
(Yamamoto et al., 2006).2.2. Plant experiment
2.2.1. Plant culture
Soybean (Glycine max [L.] Merr. ‘Jack’) seeds were sterilized with
70% ethanol for 30 s, then with 5 g L1 sodium hypochlorite solu-
tion for 15 min, and thoroughly washed with deionized water. The
seeds were inoculated with a suspension of a rhizobium (Bra-
dyrhizobium japonicum), sown on a vermiculite bed, and grown in a
growth chamber (KI Holdings CO., LTD., Kanagawa, Japan) with a
day/night (12/12 h) temperature of 26/20 C. Seven days after
sowing, the seeds were transferred to plastic containers with 7 L of
nutrient solution (109.0 mg L1 K2SO4, 0.935mg L1 KCl, 8.5 mg L1
K2HPO4, 183.0 mg L1 CaCl2･2H2O, 123.0 mg L1 MgSO4･7H2O,
0.367 mg L1 H3BO3, 0.302 mg L1 MnSO4･5H2O, 0.004 mg L1
(NH4)6Mo7O24･4H2O, 0.081 mg L1 ZnSO4, 0.032 mg L1 CuSO4･
5H2O, 0.051 mg L1 CoSO4･7H2O, 0.0035 mg L1 NiSO4･6H2O,
18.6 mg L1 ethylenediamine-N,N,N',N'-tetraacetic acid, disodium
salt, dihydrate (EDTA･2Na･2H2O),13.9mg L1 FeSO4･7H2O; pH 6.0)
and grown under the same air and light conditions. Thirty-four-
day-old plants were used for the imaging experiment.Fig. 4. Block diagram of electronic circuit used for the gamma camera.
Fig. 5. Experimental setup of the gamma camera.
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The imaging experiment was performed with three soybean
individuals in total. Fig. 5 shows a photograph of the experimental
setup. The test plant was pretreated with the nutrient solution
containing 127 nmol L1 of non-radioactive 133Cs for 24 h before
the imaging experiment; the concentration was the same as that of
radioactive 137Cs fed to the plant later, in order to prevent possible
artifacts by adhesion of 137Cs to the plant tissues at ﬁrst contact.
Then, the roots of the soybean plants were immersed in 40 mL of
the nutrient solution in a vessel ﬁxed onto an acrylic board that was
placed in front of the camera head at a distance of 300 mm. A
50 mm-thick lead block was placed between the acrylic board and
the gamma camera to shield gamma photons from the relatively
highly radioactive areas of the nutrient solution and roots, in order
to reduce background noise.
Immediately before imaging was performed, the nutrient solu-
tion was replaced with a fresh nutrient solution of the same
composition without non-radioactive 133Cs but containing 2 MBq
(corresponding to 127 nmol L1) of carrier-free 137CsCl (Eckert &
Ziegler Isotope Products Inc., CA, USA). The surface level of the
solution was maintained using a siphon tube connected to a buffer
tank, and the rate of absorption of the solution by the plant was
continuously recorded during the whole imaging experimentFig. 6. Two-dimensional histogram (A) and energy spectrum (B(Fujimaki et al., 2010). The soybean plants were monitored as the
following conditions: 24 C; 60% humidity; and continuous light
applied using a white LED lamp (ISL-150X150, CCS, Inc., Kyoto,
Japan) at a photosynthetic photon ﬂux density of
400 mmol photons m2 s1, which was measured with a quantum
sensor (MQ-200, Apogee Instruments Inc., UT, USA). Sequential
images of 137Cs distribution were acquired for 6 days by using the
gamma camera.
3. Results and discussion
3.1. Evaluation of the detector unit
We generated a two-dimensional position histogram of the
detector unit for 662 keV gamma photons in order to evaluate the
accuracy of each position of the scintillator (Fig. 6(A)). The gamma
source of 137Cs was positioned in front of the detector surface
without the pinhole collimator. Almost all the Ce:GAGG sections
were separated in the two-dimensional position histograms for
662 keV gamma photons with an average peak-to-valley (P/V) ratio
of approximately 2. Fig. 6(B) shows the energy spectrum for
662 keV gamma photons at the center section of the Ce:GAGG
scintillator array. The energy signal was fed to an ampliﬁer and a
multi-channel analyzer. The energy resolutionwas calculated using
the Gaussian ﬁt to 12.5% with an absolute uncertainty of 0.6%
FWHM for 137Cs, which indicated that the gamma camera has good
potential in distinguishing the emissions from a target radionuclide
from background noises. On the basis of these results, we deter-
mined the position correlations between each Ce:GAGG section and
image pixel and an appropriate energy window as 600e730 keV in
the Ce:GAGG sections for the detection of gamma photons from
137Cs.
3.2. Evaluation of the camera system
In order to evaluate a position resolution for the completed
gamma camera, an image of a point source of 137Cs was acquired
over the ﬁeld of view (FOV). The energy window was set to acquire
photons from 137Cs from 600 to 730 keV. A point source of 280 kBq
of 137Cs was placed on a board at a distance of 300 mm from the
surface of the pinhole collimator and shifted on the board by
20mm. Each imagewas acquired for 2 h (Fig. 7). The size of FOVwas
110  110 mm2 at a distance of 300 mm from the front face of the
gamma camera. The sensitivity of the gamma camera at the same
position was measured to be 0.830 ± 0.055 count s1 MBq1) of Ce:GAGG gamma camera for 662 keV gamma photons.
Fig. 7. Performance test results for evaluating the spatial resolution of the gamma camera. The ﬁgure shows 25 images of a point source of 137Cs whose position was shifted by
20 mm on a board at the distance of 300 mm from the front face of the collimator.
Fig. 8. Performance test results for evaluating the linearity of the gamma camera for
137Cs imaging. The ﬁgure shows linearity of the image data based on a correlation of
r2 ¼ 0.9985 between the source activity and the count rate.
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tation of radiotracer images was kept in the range of 6.6%. Because
of the penetration and scattering of gamma photons in the pinhole
collimator, images of the point source were distributed in several
pixels. As a result, the best spatial resolution of this gamma camera
was determined as 19.1 mm (FWHM) at the center of FOV, and
average spatial resolutionwas 23.5 ± 3.2 mm (FWHM) all over FOV.
Spatial resolution in the area near the edge of FOV was worse
because of a parallax error caused by oblique incidence of gamma
photons intomultiple scintillator sections at the edges. In general, a
gamma photon with higher energy should cause a more serious
parallax error and worse spatial resolution because it can reach
deeper position of the scintillator (Yamamoto and Ishibashi, 1998;
Yamamoto et al., 2014).
The camera performance characteristics with regard to linearity
were evaluated using 4 mm-diameter 137Cs point sources placed on
a board at a distance of 300 mm in the center of the FOV. The ac-
tivities of the 137Cs sources were 2000, 1000, 500, 200, 100, 50, and
20 kBq, and the acquisition times were 2, 2, 3, 5, 5, 18, and 24 h,
respectively. Experimental data in counts/s for the images acquired
with the gamma camera against the activity of the point sources are
shown in Fig. 8. The test of linearity of the 137Cs point source im-
aging revealed a correlation of r2¼ 0.9985 between the activity and
the count rate. Although the camera has enough quantitative per-
formance in the case of 137Cs imaging of the soybean plant as
Fig. 9. Photographs of the soybean and serial images of 137Cs dynamics in the ﬁeld of view of the gamma camera after feeding 137Cs into the hydroponic culture. The ﬁeld of view
was 110  110 mm2.
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tigation will be required methods of attenuation and scatter
correction for quantitative evaluation for more volumetric sources.
Although the camera has enough quantitative performance in the
case of 137Cs imaging of the plant as shown in Fig. 8 owing to point
source experiment, further investigation will be required to eval-
uate methods of attenuation and scatter corrections for more
volumetric sources quantitatively.
3.3. Movement of 137Cs in intact soybean plants
We performed an imaging experiment with intact soybean
plants and the 137Cs radiotracer. A soybean plant was set up in front
of the gamma camera and fed with hydroponic culture containing
137Cs. Dynamic images of 137Cs in the aerial region were obtained
for 6 days under a continuous light condition.
Fig. 9 shows serial images of 137Cs distribution in a representa-
tive specimen and photographs indicating its active growth during
themeasurement. The ﬁrst column of Fig. 9 shows the results in the
ﬁrst and second day. 137Cs gradually appeared in the shoot region at
the bottom of the FOV 12e24 h after feeding; this indicated that
more than 12 h were required in total for the absorption of 137Cs
from the nutrient solution to the root tissue, loading to the xylem,
and vascular transport in the stem for a distance of 90mm between
the solution surface and the bottom of FOV. On the other hand, the
test plant absorbed 18.7 mL of the nutrient solution in the initial
12 h period, which was obviously incomparable with the total
volume of the whole route from the solution to the shoot region.
Therefore, it was suggested that 137Cs uptake to the shoot is
extremely slow compared to bulk water ﬂow. We speculated that
this characteristic slow movement of 137Cs might be derived from
the strong interaction of cesium ions with the surrounding tissuesduring vascular transport. After 12e24 h, 137Cs accumulated
intensively in a growing pod and seeds without appearing in any of
the neighboring mature leaves. The second column of Fig. 9 shows
the results obtained on the third and fourth day. Then, 137Cs started
accumulating into newly emerging organs, i.e., an axillary bud and
new pods, but still did not clearly appear in the neighboring leaves.
On the ﬁfth and sixth day, 137Cs accumulated intensively in the
most developed pod and seeds, as shown in the last column of
Fig. 9. Similar results were obtained for all three specimens tested
(data not shown).
These patterns of 137Cs movement suggest that radiocesium is
mainly transported directly to the growing organs in the aerial part,
particularly developing pods and seeds, without accumulating in
the mature leaves of soybean in the reproductive growth stage. We
speculated that xylem-to-phloem transfer of radiocesium may
occur in the stem before radiocesium reaches the mature leaves in
transpiration stream in the xylem.
4. Summary and conclusion
First, we developed an original gamma camera system that can
be used to obtain quantitative and dynamic images of 137Cs
movement in intact plants. Using this system, we studied intensive
transport of 137Cs into the pods and seeds of soybean, contamina-
tion of which has become a major agricultural issue in the polluted
areas of Japan. Our results also suggested that this gamma-camera
method may serve as a practical analyzing tool for breeding crops
and improving cultivation techniques resulting in low accumula-
tion of radiocesium into the consumable parts of plants. We have
high expectations that this technology will be widely adopted in
the future and provide new insights to researchers who investigate
radioactive contamination.
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